Although almost all freestanding GaN crystals exhibit concave bowing despite the elimination of a seed substrate, in the Na-flux multipoint-seed technique, a flat GaN substrate is stably obtained. Unlike other hetero-epitaxial growth techniques, this method allows the GaN/sapphire contact area to be minimized, and this in turn can lead to low curvature. However, the detailed mechanism underlying this effect on curvature is unclear. Therefore, in this study we investigated the relationship between the curvature and the GaN/sapphire contact area of freestanding GaN crystals with the use of a sapphire dissolution technique to eliminate thermal stress. As a result, the radii of the lattice curvatures of the grown crystals increased with a decrease in the contact area, and a GaN substrate with a large diameter (>2 in) and low curvature (>40 m) was obtained. These results may be attributed to grain coalescence on a flat seed.
Introduction
Gallium nitride (GaN) substrates are desirable for the fabrication of high-performance, low-power-consumption devices. The vast majority of GaN crystals are grown on a foreign substrate such as Si or sapphire. Therefore, freestanding GaN is obtained by separating the foreign substrate after GaN growth. In previous studies, GaN was separated from a sapphire substrate by laser/mechanical polishing liftoff or thermal stress, both of which take advantage of the difference in thermal expansion coefficient between GaN and the sapphire substrate during the cooling process. [1] [2] [3] [4] [5] [6] In these methods, it is important to control thermal stress, because GaN generates crack formation if too much stress is induced. In recent research, improved controllability has enabled the fabrication of a large-diameter freestanding GaN substrate for mass production. 7, 8) However, freestanding GaN crystals exhibit concave bowing (radius of lattice curvature: R L < 10 m) despite the elimination of sapphire substrates. [9] [10] [11] [12] It was reported that the bowing originates from the lattice mismatch between GaN and sapphire or from the stress generated by the coalescence of islands formed in the nucleation process, but the details in either case are unclear. 13, 14) The bowing of the crystal causes non-uniformity in the off-angle over the crystal, resulting in a variation in the epitaxial layer characteristics and a decrease in device performance. Currently, a flat GaN substrate (R L > 10 m) is stably obtained by the ammonothermal method or by a Na-flux multipoint-seed (MPS) technique. [15] [16] [17] [18] [19] The method in which GaN is grown on a foreign substrate is an MPS technique. In this method, tiny GaN crystals, referred to as point-seed (PS) GaN, are patterned on a sapphire substrate. GaN crystals grown on PS GaN coalesce, resulting in the fabrication of large-diameter GaN crystals. A GaN crystal grown on PS GaN self-separates during the cooling process because the grown crystal and the sapphire are connected by only PS GaN in this method. Unlike those in other hetero-epitaxial growth techniques, in this method the GaN/sapphire contact area is minimal in comparison with the area of the obtained GaN crystal. Therefore, stress from the sapphire may be reduced, resulting in a low-curvature GaN crystal. Unfortunately, we were unable to investigate in detail the relationship between curvature and contact area. This is because freestanding GaN cannot be obtained in the Na-flux method without reducing the GaN/sapphire contact area (without the MPS technique). However, in a previous study we developed a sapphire separation technique in which the sapphire substrate is dissolved. 20) This technique can separate GaN crystals from the sapphire substrate regardless of the GaN/sapphire contact area. Therefore, in this paper we report the relationship between the curvature and the contact area of freestanding GaN crystals by using the sapphire dissolution technique. Figure 1 shows the seed conditions. Three-inch MPS-GaN substrates and a c-GaN template were prepared as seed crystals as shown in Fig. 1(a) . The c-GaN template consisted of a 5-μm-thick (0001) GaN epitaxial layer grown on a (0001) sapphire substrate by metal organic CVD (MOCVD). The MPS-GaN substrates were produced by patterning the c-GaN template using etching as shown in Fig. 1(a) . The diameter of the PS and the distance between the centers of the PS were called the PS diameter and PS pitch, respectively. The GaN/sapphire contact area ratio was defined as the total PS GaN area over the coalesced GaN area as shown in Fig. 1(b) . In this study, four seeds with different contact area ratios [9, 20, 50 , and 100% (c-GaN template)] were prepared as shown in Fig. 1(b) . The ratios were controlled by changing the PS diameter while maintaining a constant PS pitch. Part of the GaN at the periphery of the seed crystals was eliminated by etching along the hexagonal shape to prevent overgrowth to the outer side of the sapphire substrate. Figure 2 shows (a) a schematic drawing of the growth process and (b) an optical image of the seed crystal in a crucible. Metallic Ga (purity: 6N), metallic Na (purity: 4N), and graphite (purity: 6N) grains were prepared as starting materials. The starting Ga:Na ratio was 27:73 mol%, and the ratio of C content to the total Ga + Na content was fixed at 0.5 mol%. These materials and two seed crystals were placed in a 170-mm-diameter ceramic crucible inside an Ar-filled glove box, as shown in Fig. 2 (b). Two seed crystals, each having a diameter of 3 inches, were simultaneously grown in the crucible. The crucible was set in a stainless-steel tube in the glove box. The tube was transferred into a pressureresistant stainless chamber. The chamber was evacuated and nitrogen was introduced into it. The chamber temperature was increased to 870°C using a resistive heater. The temperature and nitrogen pressure in the chamber were kept at 870°C and 3.2 MPa, respectively. Crystal growth proceeded under these conditions for 144 h, after which the chamber temperature was increased to 900°C and metallic Li (purity: 4N) was added into the crucible. The Li was used as a solvent to dissolve the sapphire, and the ratio of Li content to the total Ga + Na+ C content was fixed at 9.2 mol%. The amount of added Li was determined by reference to the amount of sapphire to be dissolved. 20) The process for sapphire dissolution proceeded for 72 h at 900°C under nitrogen pressure of 3.4 MPa. After the process, the chamber was allowed to cool naturally, after which the crucible was removed from the tube and immersed in cold ethanol and water to dissolve residual flux components.
Experimental methods
The radii of the lattice curvatures (R L ) of the grown crystal and seed crystal were evaluated from the shift of the peak top angle of the 002 ω-scan X-ray rocking curve profiles with the incident X-ray directions parallel to the m-direction of the GaN (XRC; Rigaku SmartLab-ES; Cu Kα; 40 kV; 30 mA). R L was calculated using the following equation:
where Δω is the difference between the XRC peak top angles, and Δx is the distance between the measurement points.
Results and discussion

Results
Figures 3(a) and 3(b)
show optical images of the as-grown crystals and the grown crystals after chemical-mechanical polishing (CMP). Figure 3 (c) shows a schematic drawing of the growth. The thickness of the as-grown crystal was 1.3-1.7 mm and the growth rate in the c-direction was 11.8 μm h -1 . Cracks did not exist in the crystals grown on the seed crystal at any contact area ratio, and the sapphire substrate on the backside of the grown crystals completely disappeared. We demonstrated that crack-free crystals can be obtained with high reproducibility using the sapphire dissolution technique even if the growth layer is very thin, whereas a crack is sometimes generated in thin (about 1 mm) crystals by the thermal-stress-induced separation method. We succeeded in simultaneously fabricating two freestanding GaN crystals (>2 in) in the crucible. As shown in Fig. 3(a) , the grown crystals were black because a part of growing them included the {1011}-growth sector, which appeared on the surface of the as-grown crystals as shown in Fig. 3(c) . The {1011}growth sector often appears black because of point defects or impurities such as the presence of oxygen. 21, 22) Therefore, as shown in Fig. 3(b) , the surface of the grown crystals after CMP was partially transparent because the crystals were mainly composed of c-growth sectors, which are usually transparent. In an advanced technique, altering the growth conditions after the crystal grows enables the fabrication of a transparent GaN crystal consisting of c-growth sectors on the grown crystal. 8) In the present study, the conditions were altered after the growth process was finished because the purpose of this study was only to investigate wafer bowing. Next, the curvatures of the grown crystals were evaluated by XRCs. In all samples, the wafer bowed concavely, as is the case with crystals grown by hydride vapor-phase epitaxy, the currently used method for preparing GaN substrates. Figure 4 shows the R L of the grown crystals as a function of the contact area ratio. The R L of the grown crystals were 41, 36, 30, and 3.7 m when the contact area ratios were 9, 20, 50, and 100%, respectively. As shown in Fig. 4 , the R L increased with a decrease in the contact area ratio, reaching more than 40 m when the contact area ratio was 9%. This means that we succeeded in fabricating a GaN substrate with a large diameter (>2 in) and low curvature (>40 m). The curvature value is smaller than that in previous research; this was influenced by the PS pattern or thermal stress during the cooling process. 15) In the present study, thermal stress was not induced in the grown crystal because the sapphire had dissolved prior to the generation of thermal stress. On the other hand, in the previous study thermal stress was induced in the grown crystal due to the use of stress for sapphire separation, and the stress may have relaxed the concave bowing of the grown crystal.
Next, the curvature of the seed crystals before growth, as well as that of the grown crystals, was evaluated by XRCs. The contact area ratios of the evaluated seed crystals were 9, 20, 40, and 100%. Figure 5 shows the R L of the seed crystal as a function of the contact area ratio. As shown in Fig. 5 , the R L increased with a decrease in the contact area ratio, meaning that the thermal stress induced in the seed crystals decreased with the contact area ratio. Note that the bowing of the seed crystals showed a convex shape against the grown crystals.
Discussion
As described above, the seed crystals exhibited a convex shape at room temperature. Although an increase in temperature led to the reduction of convex bowing, the seed still might have had convex bowing during growth because the standard growth temperature (870°C) in the Na-flux method is lower than the growth temperature (>1000°C) of the seed crystals made by MOCVD. Therefore, the convex bowing decreased with the contact area ratio during growth.
In the Na-flux method, after many small grains of GaN are generated on a seed-GaN layer at the initial stage, these grains coalesce and form a GaN layer. 23) In growth on a seed having convex bowing, tensile stress is generated as a result of grain coalescence. Subsequently, dislocations are generated in the growth layer during growth as a consequence of stress relaxation. As a result, residual stress owing to misfit dislocations remains after sapphire separation, leading to concave bowing. On the other hand, in growth on a flat seed, tensile stress is not generated during grain coalescence, and thus dislocations due to seed bowing are not generated in the growth layer. Therefore, the growth layer on a flat seed may show no bowing. Based on these mechanisms, the reduction of the contact area ratio leads to the reduction of the bowing of the seed crystal during growth, resulting in a flat crystal. In other words, it is very important to prepare a flat seed prior to grain coalescence, to fabricate a flat crystal on the seed.
Especially in PS-coalesced growth, a grain before PS coalescence can be grown on a PS under tensile-stress-free conditions because the PS is flat, and thus the grain has low dislocation and less stress. 24, 25) In addition, the growth period and the size of the grain until the PS coalesces are increased by a reduction of the contact area ratio, leading to the suppression of stress generated during growth. This is because the stress generated during coalescence decreases as the size of the coalesced grain increases. 14, 26) This is in good agreement with a previous finding that, in the coalescence of grains on PSs, the crystallinity of the grain boundary and the grain PS and its coalesced grain is good, which suggests that the stress generated during coalescence is extremely small. 27) As described above, the causes of low-curvature GaN crystals grown on MPS substrates are the reduction of convex bowing in seed crystals with smaller contact area ratios and the mechanism underlying the coalescence growth of stressfree and large grains.
Conclusions
In this study, to elucidate how low-curvature GaN crystals can be fabricated by the Na-flux coalesced multipoint-seed method, we investigated the relationship between the bowing of grown crystals and the contact area ratio by utilizing the sapphire dissolution technique. Thin (about 1 mm) crystals grown on a seed crystal with any contact area were separated from sapphire without cracks, indicating that the sapphire dissolution technique can ideally suppress crack formation in grown crystals even if the growth layer is very thin. Although the grown crystals showed concave bowing, the radius of the lattice curvature of the crystals decreased when the GaN/sapphire contact area was small. The largest radius was over 40 m when the contact area ratio was 9%, and thus a large-diameter GaN substrate with low curvature was obtained. On the other hand, although the seed crystals showed convex bowing against the grown crystals, the radius of the lattice curvature of the crystals decreased with a smaller contact area ratio, as was the case with the grown crystals.
From these results and the above discussion, the drastic improvement in crystal bowing by decreasing the contact area ratio is attributable to the following thing: decreasing the contact area ratio leads to a decrease in tensile stress in seed crystals, resulting in grain coalescence on a flat seed. However, since the densities and the inclination angle of dislocations intrinsically generated as a result of stress relaxation may affect the curvature of freestanding GaN crystals, it is necessary to investigate the relationship between the dislocation and curvature of grown crystals. [28] [29] [30] 
